Efficiency of the satellite vehicle system depends largely on expeditious interaction with and efficient responsiveness of the ground control complex. Ground control complex is a distributed system of interconnected ground stations. Each ground station has its own radio coverage zone. Boundaries of every station's radio coverage zone depend directly on the ground elevation profile where it is located. Communication between a ground station and a spacecraft is available only when the spacecraft comes into the station's radio coverage zone, that is, when it is flying over a specific territory. Consequently, when building a new or upgrading an existing spacecraft control system, emphasis lies not only on the choice of the number of control stations, but also on their geographic location. This paper suggests a model for designing a spacecraft control system's structure enabling engineers to choose the optimal number of control stations and their geographic location, and ensuring necessary timing for communications between the ground control complex and spacecrafts. The paper gives an example of selection of ground control stations and of their best geographic location based on the suggested model.
INTRODUCTION
The spacecraft control system is a distributed complex of special-purpose hardware and software for ground and spaceborne control systems designed to provide flexible interaction and redistribution of functions and tasks in different modes of operation [1] .
The main elements of the spacecraft control system are its main control hub, a mission control center, ground control stations, and on-board control systems for communications and transfer of data. The first three elements make up the ground control complex. The ground control performs the following functions: planning and coordination of deployment of an orbital constellation; reception and analysis of telemetry data; trajectory measurements and determination of the orbital parameters of spacecraft; generation and transfer of command and program control data for spacecraft control [2] [3] [4] .
The ground control complex maintains direct access via communication channels to the spacecraft in the radio coverage areas of ground control stations. Communication is conducted on a real time basis. To ensure communication between ground control and the spaceborne segment, many parameters should be considered, such as utilization of [5, 6] . It is necessary to ensure sufficient time for communication between the ground control complex and the spacecraft to perform the basic target functions of the space system and to control the group alignment of the spacecraft [7] [8] [9] . The geographical position of control stations is of great importance as it creates an integrated control environment of the spacecraft and ensures the required communication time between the ground control and the spacecraft.
Design and development of new spacecraft control systems and upgrading of the existing spacecraft control systems is a complex multi-step process that requires substantial time, financial resources and labour [10] . This necessitates devising mathematical models and methods to solve optimization and decision making problems while forming spacecraft control structures including determination of the required number of control stations and their geographic location.
SPACECRAFT CONTROL SYSTEM'S STRUCTURE OPTIMIZATION MODEL
The formation of the spacecraft control system's structure requires solving the problem of selecting ground control stations that make up the control system, and determining the stations' positional relationship. While forming the optimal structure of the control system, one should aim to select a cluster of control stations, which complies with the requirements for flight handling characteristics and the availability ratio for a given class of spacecraft at the minimal financial costs. The solution to this problem is found on the basis of the data on a given number of spacecraft of different classes, trajectory of the spacecraft of each class, and a number of regions which allow for communication between the ground control stations and spacecraft of different classes.
To form the optimal structure of the spacecraft control system, we suggest using the following model for selecting the optimal number of control stations and their geographical location, while ensuring the required communication time between the ground control system and the spacecraft. M k -minimum number of control stations to control the k-th class spacecraft.
It is worth noting that the availability time of spacecraft is determined by the radio coverage area of a control station. The radio coverage area, in its turn, is influenced by the terrain.
The problem of optimizing the structure of spacecraft control system can be represented as follows:
The objective function (1) minimizes the costs of establishing or upgrading a spacecraft control system. The constraint (2) ensures the sufficient availability time for each class of spacecraft. The constraint (3) ensures the minimum duration of the communication session for each class of spacecraft. The constraint (4) ensures that the control system will comprise a sufficient number of control stations required to control each class of spacecraft.
The model of forming the spacecraft control system structure (1)- (4) is an integer linear programming model. The solution to the problem of forming the optimal structure of a spacecraft control system can be obtained by the known methods [11] [12] [13] [14] .
RESULTS AND DISCUSSION
Let us consider the example of forming the control system structure of a low orbit communications satellite system. The orbital constellation consists of three classes of communications satellites (comsats); the ground control complex includes six ground control stations; the number of availability regions is nine ( fig. 1 ).
Fig. 1. Availability regions and flight trajectories of communications satellites
The availability times of various classes of communications satellites over the regions of potential availability are shown in Table 1 . The constraints to be considered when determining the structure of a spacecraft control system are shown in Table 2 . It is worth noting that the forming of the structure of a control system is influenced by the terrain on which the control stations are located. This influence should be taken into account when imposing the specified constrains. Table 3 presents the cost of constructing control stations that make up the ground control complex for communications satellites. The solution to the problem of forming the control system structure for a low orbit communications satellite system is shown in Table 4 . The cost of the control system of a low orbit communications satellite system is 1,640 thousand dollars, which is 30% lower than the cost of implementing the original design of the control system. In addition, the control system allows for implementation of the full extent of the control capability and target functions of a satellite system.
CONCLUSION
The most important task in creating spacecraft control systems is to select the optimal structure of the system to ensure fulfillment of the targets and objectives of spacecraft control under the given constraints. When forming the optimal structure of spacecraft control system, it is necessary to select the control stations and determine their geographical location paying attention to the terrain, radio coverage zones of the control stations, and dynamics of the controlled object. The model of forming the spacecraft control system structure presented in this paper solves such problems and ensures sufficient time for interaction of the spacecraft with ground control. The solution to the problem of selecting control stations of the satellite communications system and the stations' positional relationship has confirmed the efficiency of the proposed approach. The devised model can be utilized to form the structure of distributed control systems in the framework of space complexes for various fields of application.
